Small molecules targeting the EGFR tyrosine kinase domain have been used with some success at treating patients with non-small cell lung cancer driven by activating mutations in the kinase domain. The initial class of inhibitors displaced ATP noncovalently but were rendered ineffective due to the development of resistance mutations in the kinase domain. These were overcome by the development of covalent inhibitors such as afatinib which also bind in the ATP pocket. However pooled analysis of two recent clinical trials LUX-3 and LUX-6 demonstrated an unprecedented overall survival benefit of afatinib over chemotherapy for the EGFR Diverse activating mutations within the EGFR kinase domain (KD) give rise to Non-small cell lung cancer (NSCLC). Structurally, the KD exists either in an inactive state or in a functional active state that is primed to bind ATP and substrate proteins. Treatment of NSCLC includes the inhibition of the kinase by Tyrosine Kinase Inhibitors (TKIs) such as erlotinib and gefitinib which are small molecules that bind to the KD and either compete out the binding of ATP or bind to the inactive state of the kinase. They have shown superior progression free survival when compared to cytotoxic chemotherapy and are currently approved for first line treatment of advanced EGFR mutant NSCLC where the commonest subtypes include the mutant L858R (40%) or exon 19 deletions (40%) 1 . However, resistance develops in the form of point mutations in the KD such as T790M which reduce the ability of these first generation small molecular inhibitors to bind effectively. Several biochemical and kinetic studies 2-4 have shown that the T790M, L858R and the T790M/L858R double mutants have increased sensitivity towards the natural substrate (ATP) as compared to WT, usually by preferential stabilization of the active state resulting in decreased binding of the EGFR inhibitors. The structure of the KD of EGFR WT [ Figure S1 ] and of the mutants (T790M) show that the substitution of the longer Met sidechain in the place of the shorter Thr side chain at position 790, which lies in the active site, results in steric hindrance of these inhibitors 5 . However, examination of the crystal structures of the active form of the WT and the L858R mutant shown that the KD adopts very similar structures in the active state [ Figure S2 ]. Hence, it is not clear how binding is reduced by substitution of the hydrophobic leucine with a larger, positively charged arginine in L858R, which lies in the N-terminal portion of the activation loop, a region not at the inhibitor/ATP binding site. Long MD simulations 6 have suggested that the L858R mutation results in stabilization of the active conformation of the KD by
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. However, resistance develops in the form of point mutations in the KD such as T790M which reduce the ability of these first generation small molecular inhibitors to bind effectively. Several biochemical and kinetic studies [2] [3] [4] have shown that the T790M, L858R and the T790M/L858R double mutants have increased sensitivity towards the natural substrate (ATP) as compared to WT, usually by preferential stabilization of the active state resulting in decreased binding of the EGFR inhibitors. The structure of the KD of EGFR WT [ Figure S1 ] and of the mutants (T790M) show that the substitution of the longer Met sidechain in the place of the shorter Thr side chain at position 790, which lies in the active site, results in steric hindrance of these inhibitors 5 . However, examination of the crystal structures of the active form of the WT and the L858R mutant shown that the KD adopts very similar structures in the active state [ Figure S2 ]. Hence, it is not clear how binding is reduced by substitution of the hydrophobic leucine with a larger, positively charged arginine in L858R, which lies in the N-terminal portion of the activation loop, a region not at the inhibitor/ATP binding site. Long MD simulations 6 have suggested that the L858R mutation results in stabilization of the active conformation of the KD by ordering the αC-helix (located in the N lobe of the kinase), resulting in enhanced dimerization. Similarly, metadynamics MD simulations 7 suggested that these mutations shift the conformational equilibrium towards the active state. They found that the L858R mutation results in additional electrostatic interactions between R858 and the negatively charged residues E758, E762 or D761 from the αC-helix, resulting in reduced flexibility and stabilization of the KD in its active state. Co-crystal structures 8 of inhibitors complexed to the KD of EGFR paved the path for the rational design of several second and third generation drugs to deal with the resistance mutations 8 including the covalent inhibitor afatinib for treating EGFR L858R and EGFR 19del . In stably transfected EGFR mutant isogenic cell line models, afatinib inhibited phosphorylation in EGFR 19del models to a higher extent than in EGFR L858R , a finding that was not observed with reversible EGFR TKI 9 . Recently, Yang and colleagues reported a pooled analysis of two phase III trials for lung cancer (LUX-3 and LUX-6) comparing afatinib against platinum-based chemotherapy 10 . After a median follow up of 41 months, afatinib showed significant overall survival benefit over chemotherapy against the EGFR 19del but not against the EGFR L858R mutation. Furthermore, additional subgroup analyses suggest that the overall survival benefit was observed across all patient cohorts regardless of the proportion of crossover 11 . The reason for this observation remains uncertain, although this difference was not previously seen with 1 st generation EGFR TKIs. While atomistic models of the L858R mutant and interactions with inhibitors are available, no such detailed information on EGFR 19del is available, although the inhibitors are expected to bind as they do to EGFR WT ; however, the structural perturbations resulting from the deletion of five amino acids are expected to be significant. In this current study we seek to understand the mechanisms underlying the observed clinical differences in the effects of afatinib by developing atomistic models of the interactions of afatinib with the KD of EGFR WT , EGFR
L858R
, and EGFR
19del
, we also carry out comparative MD simulations of the EGFR KD complexed to various first generation inhibitors (gefitinib, erlotinib; Figure S3 ).
Results and Discussion
Structural Basis underlying activating L858R and 19del mutations. In the crystal structures of apo and erlotinib bound EGFR WT 3 , the hydrophobic sidechain of L858, which is part of the A-loop, points towards a charged and polar region of the substrate binding cleft ( Figure S2 ). Upon mutation, the L858R sidechain assumes a polar character, but the crystal structure of EGFR L858R complexed with gefitinib does not show any structural perturbations, suggesting that the larger positively charged arginine side chain is readily accommodated. In the EGFR 19del mutant, 5 amino acids ( 746 ELREA 750 ) that are part of a loop connecting the strand β3 with the αC-helix are deleted. This is expected to result in structural alterations in the KD as this long and flexible loop is thought to modulate the position and orientation of the αC-helix, which in turn is critical for the catalytic activity of the kinase 12, 13 . However no major structural differences were observed in our structural models of EGFR 19del in either the apo or the inhibitor/ATP-bound states, relative to the corresponding wild type conformations. It is clear that the static structures or the two mutants cannot conclusively provide a mechanistic basis for the differential binding, and hence we explore the dynamical consequences of these mutations through MD simulations.
MD simulations of EGFR
L858R and EGFR 19del . The EGFR WT structures were quite stable in both apo and inhibitor/ATP bound states, and the interactions observed in the co-crystal structures of wild type enzyme were well preserved during the MD simulations. In the wild type structures of EGFR, L858 stays buried. However, in the EGFR L858R simulations, the R858 flips out and interacts with the negatively charged residue E758 from the αC-helix (Figs 1 and S2 ; see Supplementary Movie), as has also been shown by Sutto and Gervasio 7 . A salt bridge between R858 and E758 is well preserved throughout the simulation as the distance between the two side chains remains <3.5 Å (Fig. 1) in ~40% of the sampled conformations. However the corresponding residues in the EGFR WT and EGFR 19del (both have Leu at position 858) are separated by ~12 Å and ~8 Å respectively (Fig. 1) ; this is not surprising as the L858 side chain cannot engage in electrostatic interactions with the αC-helix, while R858 can. We also observed interactions between R858 and E762 that were reported by Sutto and Gervasio 7 , however these were relatively short lived, existing in only ~8% of the sampled conformations. In summary EGFR L858R has additional electrostatic interactions between the A-loop R858 and the αC-helix. This results in the αC-helix moving towards the ATP-ligand binding cleft, stabilizing in the αC-in conformation and thus the active state of the KD. These motions are associated with a compaction of the ATP binding site, as seen by a reduction in the distance between the αC-helix and the hinge region by ~4 Å as compared to the EGFR WT (Fig. 2 ). In the EGFR 19del model, 5 amino acids ( 746 ELREA 750 ) that connect the αC-helix with the strand β3 are deleted. This region is thought to act as a flexible linker between αC and β3 and regulate the movement of αC between its αC-in and αC-out conformations. During the simulation of EGFR 19del in the active state of the KD, unfolding at the N-terminus of the αC was observed, with the unfolded region now acting as the new linker between αC and β3. Despite this, the catalytically important K745-E762 salt bridge is well preserved throughout the simulation [ Figure S4 ]. Shortening of the β3-αC loop reduces the intrinsic flexibility of the αC-helix, causing the αC-helix to be pulled in towards the ligand binding cleft [ Fig. 2 ]. This results in a more compact closed pocket, with the distance between the αC helix and the hinge region of the kinase decreasing from ~27 Å in the case of EGFR WT to ~20.5 Å in EGFR 19del [ Fig. 2 ]. The inward movement of αC-helix enables additional interactions that likely further add to the stability of αC in its αC-in conformation. The K872 from the A-loop interacts with the E758 from the αC-helix, as the distance between the two side chains is <3.5 Å in ~40% of the sampled conformations [ Fig. 1 ]. In contrast, this interaction was not observed during the EGFR WT simulation (distance between the two sidechains >~20 Å) [ Fig. 1 ] as the αC-helix is not optimally positioned to interact with K872 from the A-loop. In the case of EGFR L858R , the interactions between E758 from αC-helix and R858 from the A-loop [ Fig. 1 ] appear to restrict interactions between K872 and E758; this interaction is seen in only <10% of the sampled conformations as the distance between the two side chains ranges from ~3-15 Å. The shortening of the loop will result in a significant barrier to adopt the inactive form, as the active to inactive transition requires the αC-helix to rotate and move away from its inward state to adopt the αC-out conformation. The EGFR 19del mutation clearly stabilizes the active form, by reducing the flexibility of the αC-helix stabilized in the αC-in conformation, through additional interactions. In summary, both the mutations (L858R and 19del) favour the active state of the kinase by stabilising the αC-helix in its αC-in conformation, by controlling the conformational flexibility of the αC -helix and/or through additional electrostatic interactions. This prepositioning of the αC-helix in its αC-in conformation is the likely driver for the observed enhanced dimerization that is associated with activation 14 . (Fig. 3A ,B,C) with the density of inter-atomic contacts between the TKIs and the KD decreasing as: (Fig. 3D) ; this order nicely mirrors the trend in the experimentally determined affinities of these inhibitors [2] [3] [4] [5] 8 . To further quantify the differential binding of the TKIs with various mutants of EGFR, we calculated their binding free energies using the MMPBSA approach 15, 16 . Of course afatinib itself is covalently bonded to EGFR and hence one cannot use these classical methods to compute the binding energetics (these can be carried out using quantum mechanical methods 17 , but this is outside the scope of the current study). Therefore we calculated the binding free energies of erlotinib and gefitinib to the wildtype and mutant (L858R/19del) EGFR to explore whether the models we construct are in accord with experiments. It is clear that the calculations mirror the experimental trends in the binding affinities (experimental IC 50 , Figure S5 ). The differences between the experimental affinities for the wild type EGFR at first glance are much larger than the calculated ones; however, upon careful examination of the experimental data available in the literature [2] [3] [4] [5] 8] we find that the spread in these values for the wild type EGFR is quite large and this is now shown through the error bars.
Water molecules contribute to the binding patterns. The direct contacts between the inhibitors and the KD are often complemented by interactions that are mediated by buried water molecules, further modulating recognition and affinities 18 . Fernandez 19 reported differences in the patterns of (de)hydration of the binding site of the inhibitor gleevec in two closely related kinases (Bcr-Abl, c-Kit). This was exploited in the modification of gleevec with a single methyl group to displace loosely bound waters in c-Kit, resulting in enhanced potency and selectivity towards c-Kit (while suppressing Bcr-Abl inhibition). Barillari et al. 20 analysed the hydration of the ATP binding site across several kinases and suggested that the differences could be exploited to improve potency and selectivity of kinase inhibitors. A computational method called Watermap 21 later rationalized the differing affinities of a range of kinase inhibitors based on differences in ATP site hydration. In a more recent exhaustive study, Nicholas and Steven 22 reported that water mediated hydrogen bonds confer selectivity to bosutinib, another Bcr-Abl inhibitor used in the clinic, through a nitrile moiety. They found a remarkable correlation between an inhibitor's access to structured water molecules and its ability to distinguish between receptor subtypes. It was shown recently that interfacial water molecules can have a substantial effect on the thermodynamics . Sorbinil is involved in water mediated interaction with aldose reductase and this water mediated hydrogen bond contributes ~−5.1 kJ/mol to its binding. Interfacial waters have also been previously reported to facilitate non-specific binding as seen in the transport of a range of peptides up to 5 residues in length by the oligopeptide binding protein OppA 24 . In general there is growing realization of the importance of waters in modulating protein-protein/peptide/small molecule interactions 25, 26 . In addition to the role of water, recently, the role of halogen atoms (F, C, Br and I; several drug candidates are halogenated including 20% of ligands in the pdb 27 ) in contributing to affinity and selectivity through "halogen bonds" [28] [29] [30] is being recognized, both through direct contacts with the KD and through buried water 31 . Since both gefitinib and afatinib are halogenated, we carried out detailed analyses of water mediated hydrogen bonds and halogen bond interactions.
Gefitinib was stabilized in EGFR 19del and EGFR L858R by 2 and 3 water molecules respectively (residence times of ~28 ns and ~24 ns), while erlotinib was only stabilized weakly (water molecules with low residence times of 8 ns and 12 ns in EGFR 19del and EGFR L858R ) [ Figure S6 ]. In contrast, when bound to afatinib, both mutants appear to undergo dehydration, leaving one strongly bound water molecule in EGFR 19del with residence time of ~50 ns and 2 loosely bound water molecules in EGFR L858R with residence times of ~25 ns [ Fig. 4 ]. The reason for these differences in hydration appears to originate in the differences in flexibilities of both the KD and the inhibitors, as well as in specific water-KD and water-ligand interactions. Both mutants stabilize the active state, restricting the flexibility of the αC-helix and compacting the inhibitor binding site as compared to EGFR WT (this is more pronounced in EGFR 19del than in EGFR L858R ). Recently, a similar stabilization of the active Fig. 4B ]. This reduced flexibility of the αC-helix is coupled to a reduction in the flexibility of afatinib (the region of afatinib near the helix undergoes a reduction in average fluctuation from ~1.2 to ~0.5 Å between the wild type and the mutants) [Fig. 4A ]. The reduced flexibility of αC-helix and afatinib is associated with the increased residence time observed for water molecules that stabilize the binding of afatinib. In the case of the EGFR 19del -afatinib complex, one tightly bound water molecule bridges the αC-helix with afatinib through the sidechain of E628 (αC-helix) and the fluorine atom on afatinib (this halogen bond decreases in length from 3.9 Å in the wild type to 3.2 Å in EGFR L858R and 2.7 Å in EGFR 19del ). Reduced flexibility of αC-helix results in trapping of water molecules in the space between the helix and afatinib which in turn may well be the cause of the observed reduction in flexibility of afatinib and hence it's tight binding. As the fluctuation of the αC-helix increases (relatively) in the case of EGFR L858R and EGFR WT , the increased space is filled by more water molecules; the resulting absence of strong stabilising interactions results in the water molecules gaining greater mobility.
Gefitinib also has a halogen atom (F) similar to afatinib, and this F is also involved in water mediated h-bonds and halogen-bond interactions with the αC-helix of the KD. However a tightly bound water with higher residence time was not observed even when complexed with the more compact EGFR 19del , as gefitinib exhibits increased flexibility compared to afatinib. The increased flexibility observed for gefitinib in general arises from the noncovalent nature of its interaction with the KD; in contrast, afatinib makes a covalent bond with Cys797 in the KD which restricts its mobility. Due to the increased flexibility of gefitinib, the water mediated halogen bond interaction is not stable resulting in a loosely bound trapped water molecule. In contrast, erlotinib lacks a halogen atom, and the reduced interaction results in higher flexibility and only one loosely bound water molecule with residence times of ~8 to 14 ns in its complexes with EGFR WT , EGFR L858R and EGFR 19del [ Figure S6 ]. In summary, the tightly bound water molecule in the case of afatinib results from trapping arising from two constraints -the covalent bond and the reduced ATP pocket coupled to constrained mobility in EGFR 19del (the water is trapped in a largely hydrophobic region), resulting in strong water mediated hydrogen bond and halogen bond interactions. The water mediated hydrogen bond between the catalytic K745 and E762 from the αC-helix has been widely observed as stabilizing kinase-ATP/inhibitor complexes 12, 13, [19] [20] [21] [22] . Several studies have highlighted the importance of water mediated protein -ligand interactions in improving potency and selectivity of inhibitors. In this regard, the contributions from well-structured/ordered water molecules have provided significant insights into contributions for improving the binding affinity in several examples [19] [20] [21] [22] [23] [24] [25] [26] . In addition to this interactions, the water mediated halogen bond interaction between the KD and inhibitor that is observed in the EGFR 19del -afatinib simulations clearly suggests a significant component in enhancing the binding of Afatinib to EGFR 19del over EGFR WT and EGFR L858R . The waters in the case of the other two drugs are loosely bound because both drugs make noncovalent interactions and hence trap waters under only one constraint -that of the compaction arising from the exon 19 deletion. Taken together these structural interactions may account for the increased activity for afatinib in exon 19 deletions, resulting in subsequent improved overall survival, as observed in the pooled analysis of LUX3 and LUX6. These models are consistent with the emerging preclinical and clinical data with regards to preferential activity of afatinib in EGFR 19del , and highlight the need to prospectively validate these prediction models in the clinic.
We finally wondered whether we could use our models to speculate on further stratification of patients through examination of SNP data. If we examine the distribution of SNPs 33 in the region within 5 Å of the water molecule in the del19 mutant, we find that several residues [ Figure S7 ] can vary in the population. Simple modelling of the SNPs M766T and M766F by mutating the sidechains without accounting for any other perturbation shows [ Figure S7 ] that the changes in the number of atoms in the sidechain and hence the shape of the hydration cavity has the potential to change interactions with afatinib either directly or through an altered number of water molecules, thus affecting the affinity for afatinib. It is already known 34 that mutations at M766, affect the binding of erlotinib. We are currently carrying out an exhaustive simulation based study exploring these effects. These observations provide a compelling case for experimental tests of the effects of the SNPs on the binding of afatinib. If validated, this points to the possibility of further sub-stratification of patients amongst the cohort carrying the del19 mutations for afatinib treatment. In addition, it opens up a new approach to patient stratification guided by molecular modelling in this era of personalized medicine.
Methods
In order to understand the structural basis of activation of the activating mutations and differential binding of TKIs we have used atomistic molecular dynamics (MD) simulations. The KD structures were taken either from the experimental database of structures or else modelled based on standard comparative modelling methods 35 . Since these mutations are known to be activating and the inhibitors/ATP considered here are known to bind to the active forms of the KDs, only the active form of EGFR WT , EGFR L858R , and EGFR 19del are considered in this study.
Experimental structures of EGFR WT , in its apo form and bound with various inhibitors are available and are used here. In the case of EGFR L858R , only structures of EGFR L858R complexed with TKIs available and the apo active form was modelled. No crystal structures of EGFR 19del is available, and was therefore modelled using computational modelling approaches. Details of the structures and templates used in this study are listed in Table S1 .
Models of EGFR
WT/L858R/19del -inhibitor complexes were also generated using the available co-crystal structures. All these modelled systems were then subject to atomistic MD simulations.
MD Simulations. MD simulations were carried out with the Sander module of the program Amber11 36 . The partial charges and force field parameters for each inhibitor were generated using the Antechamber module in Amber. All atom versions of the Amber 99SB force field (ff03) 37 and the general Amber force field (GAFF) 38 were used for the protein and the inhibitors respectively. In our simulations the inhibitor afatinib is covalently linked to Cys797 from EGFR. Therefore parameters for afatinib covalently bonded with Cys was derived using antechamber module of Amber 11. The Xleap module was used to prepare the system for the MD simulations. All the simulation systems were neutralized with appropriate numbers of counter ions. Each neutralized system was solvated in an octahedral box with TIP3P 39 water molecules, leaving at least 10 Å between the solute atoms and the borders of the box. All MD simulations were carried out in explicit solvent at 300 K. During the simulations, the long-range electrostatic interactions were treated with the particle mesh Ewald 40 method using a real space cut off distance of 9 Å. The Settle 41 algorithm was used to constrain bond vibrations involving hydrogen atoms, which allowed a time step of 2 fs during the simulations.
Solvent molecules and counter ions were initially relaxed using energy minimization with restraints on the protein and inhibitor atoms. This was followed by unrestrained energy minimization to remove any steric clashes. Subsequently the system was gradually heated from 0 to 300 K using MD simulations with positional restraints (force constant: 50 kcal mol −1 Å −2 ) on protein and inhibitors over a period of 0.25 ns allowing water molecules and ions to move freely. During an additional 0.25 ns, the positional restraints were gradually reduced followed by a 2 ns unrestrained MD simulation to equilibrate all the atoms. All the simulations were carried out in triplicates (three independent MD simulations initiated with different initial velocities) for 100 ns with conformations saved every 10 ps. Molecular Mechanics Poisson Boltzmann Surface Area (MMPBSA) method 15, 16 was used for the calculation of binding free energies (more details in Supplementary Information).
Analysis. Root mean square deviation of sampled conformations against the starting structure and average atomic fluctuations of all sampled conformations during MD simulations were calculated using ptraj module in Amber. The distance between R858-E758 and K872-E758 were calculated by measuring the distance between the side chain atoms of R858 and the side chain atoms of E758 and similarly the side chain atoms of K872 and the side chain atoms of E758. The ATP/TKIs binding pocket size was measured by calculating the distance between the centre of mass (COM) of residues from αC helix and COM of residues from the kinase hinge region. The number of kinase-inhibitor contacts were calculated by considering all heavy atom pairs of kinase-inhibitors that are within 6.5 Å. A hydrogen bond was considered when the donor-acceptor distance was less than 3.0 Å and the angle formed by donor-hydrogen-acceptor was >120°. To further understand the role of water mediated kinase-inhibitor interactions, analysis was carried out with water molecules that are within 3.5 Å of inhibitor and kinase residues. The water residence time at a particular site was computed as a summation of times over the trajectory during which the corresponding site has a water molecule occupying it. If a water molecule were to leave a site and another were to exchange with it, the calculation is agnostic to the identity of the water and only accounts for the hydration of the site. Simulation trajectories were visualized using VMD 42 and figures were generated using PyMOL 43 .
